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ABSTRACT

Protoemission measurements have been made on single crystals
of cadmium sulfide which were cleaved and tested in high vacuum
between 7.2 and 11.56 eV, The electron affin-
ity is found to be 4.8 eV. Additlonal measurements have been

made in an extended range from © to 21.2 eV using surfaces cleaveld
in 2ir or in low vacuum and tested in low vacuum. The apparatus
for cleaving and measuring photoemisslon 1s described.

Important features of the band structure are deduced from
the enerzy distributlon and quantum yleld measurements. Two
conduction band maxima are located about ©.7 and 8.2 eV above
tne  op of the valence pand. Two valence band maxlima are located
about 1.2 and 9.4 eV below the top of the valence band. The
densitvy of states 1s determlned by assuming that direct conser-
vatlion of crystal momentum 1s ncot an lmportant selection rule.
The resulis are used to study optical excltation processes and
escape of electrons. In particlar, the optical conductivity
calculated from the density of states agrees with experimental
values,

The effects of surface conditions on photoemission from
cadmium sulfide nave been svudled by comparing measurements made
on samples cleaved in high vacuum with the corresponding results
from surfaces prepared by other techniques. The energy distribu-
tion curve 1s shown to be a sensltlve tool for studylng surface

conditions. The theoretlce™ effect of band bending on energy

distributions is considered.
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I. INTRODUCTION

Semicondusting II-VI compounds have been the subject of
considerable Investigation in recent years since they provide
& potentlally useful class of electronic materials that have
only begun to Le exploited. In contrast with the elemental
Semlconductors silicon and germanium, and to a lesser extent
the III-V compounds, the energy band structure of the II-VI
compounds are nct well understcod at energles much larger than
the band gap. Therefore, a systematic study of the band
structure of these compounds by photoemission techniques 1is
expected to produce much new information about their electronic
properties. Properties which ¢an be studied by photoemission
include band structure, optical transitions and selectlion rules,
electron scattering, surface effects, and relationship between
photoemission and optical properties. Cadmium sulfide {cds)
has been chosen for the initial photoemission studies, since
a large body of auxiliary experimental and theoretical know-
ledge 1s available and the technology for producing large
single crystals is well developed.

Fhotoemlission from CdS has been studied experimentally by
several investigators. Shubc [Ref. 1] investigated the yield
and energy distribution of photoemitted electrons frecm cds
in the range of photon energles from 5 to 6.5 eV. The layers
were reported to consist of fine, dispersed hexagonal and cubic
modificationse of CdS formed by evaporation. If special pre-

cautions are not taken, CdS is known to decompose G w'ing
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evaporation. Shuba's results have been discussed by Spicer

.
[Ref. 2]. More recently, Scheer and var Laar [Ref. 3] have
lrvestigated photoemissive yield rear the threshold for hoth
Cdle cleaved in vacuum and €4S broken ir alr and then megsured
in the vacuum. Bibik [Ref, 4] has attempted to lower the
photoemissive thveshold by deposition of Bal on the surface.
Photoemission studies have been undertaken here on gingle
crystals of CdS which have been cleaved in hign vacuum to cobtain
clean surfaces. The maxlmum photon energy a2t which measure-
ments can be made has been extended slgrnifiecantly to 21.2 V.
The optical properties of CdS have been measured in
several different experiments. Reflectior measurements have
been made on CdS layers evaporated by speclal techniques by
Cardorna [Refs. 5 and 6], who used polarized or unpolarized
light to a maximum photon energy of about @ eV. Walker and
Osantowskl [Refs., 7 and 8] have measured reflection to photon
energles of abomt 25 eV from single crystals of CdS which
were cleaved in air. They have used the resulting data to
calculate the optical constants. Hall [Ref. 9] has measured
the optical absorption through evaporated layers of C4S to a
photon energy of about 6 eV. Bube [Ref. 10} has studisd
photoconductivity and related phenomena. All of these measure-
ments can be used to determlne important features of the band

structure of CdS related to the separation between energy

levels, and they can be used in conjunction with photoemisslor

measurements to establish absolute energy leve

bos
[#2]




The information obtalned from photoemission measurements
cen be distorted as a result of band bending and physical or
chemical phencmena which are related to surface conditions.
Williams [Ref. 11] has studlied the effects of various gases on
the surface by 1eans of surface photovoltage measurements.
Contact potentlial changes in the presence of light have also
been studled by Wlerick [Ref., 12] using an electron beam
technlque, Photochemical reactions have been reported by
BYer [Ref. 13] based on resistance measurements in the presence
or absence of light at various temperatures. These surface=-
related effects must be understood to allow interpretation of
the results of photoemission measurements. In some cases,
photoemission can be used to study these phenomena.

Theoretical investigations of the band structure of Cd4S
have been made by Herman [Ref. 14] who used an OPW method
without the introduction of spin orbit splitting. Recently,
he has investigated the results of spin orbit splitting on
the band structure [Ref. 15]. Birman [Refs. 16-19] has studied
the effects of crystal symmetry on banc structure, optical
transitions, and selection rules in materials with the wurtzite
structure (e.g. Cds).

From theoretical considerations it 1is evident that the
Bloch representation i1s not adequate to represent the valence
band 1n materlals with small hole mobilities [Refs. 20-22].
Mort and Spear [Ref, 23] have found that the hole mobility of

Cds 1s of the order of 10 cmg/bolt-sec independent of temperature.
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Spicer [Ref. 24] has suggested on t

J

[
(m

€ basls of experimental

evldence that direct conservation of crystal mementum (R

vector) may not be required for optical tranmsitions 1n materials

with low hole mobllity. Additional experimental evidernce with which

to check the band structure calculations and the requirements
for conservation of crystal momentum for optical transitions in
CdS can be obtalned from tre photoemission data,

Scattering of optically excited electrons as they escape
from a material can significantly arfect the results of proto-
emission meacuremcnts. Apker, T ft, and Dickey [Ref. 25]
suggested a method for detecting the onset of palr production
in semiconductors. Spilcer [Ref. 26] has used energy distribu-
tion curves to determine the mean free path for pair production.
Williams [Ref. 27] has studied the effect of high electric
fields on voltage breakdown in CdS. He found that breakdown
i1s due to tunneling and not to avalanche effects. Information
about electron scattering processes can be obtained from
photoemlssion measurements on CdS.

Many of the experimental techniques developed for studying
CdS are applicable fo simils - photoemission studies of the
other Ii-VI compounds. Therefore, an effort has been made %o
understand a large varlety of secondary phenomena assoclated
wlth the experiments, and to extend the measurements over as
larze a range of photon energles and physical environments as
possible. The experimental technlques are reported in Chapter

-

II. The applicable theory 1s presented 1n Chapter I1I and the

A

[

experimental results appear in Chapters IV and V aionz with thelr

T

|




interpretaticn. Cenclusions drawn from thls work and suggestions

for further work are contalned in Chapter VI.

IT. EXPERIMENTAL TECHNIQUES

A, INTRODUCTION

Photoemission measurements have been made on slngle crystals
of CdS on which a clean surface was obtalned by cleaving in an
ultra-high vacuum system. The photon energles which can be used
for the measurements are limlted at the low end of the range by
the energy barrier against emisslion (band gap plus electron
affinity) and at the high end of the range by either the LiF
window (in a high vacuum experiment) or the monochromator plus
light source (in lower vacuum experiments). The varlous arrange-
ments and thelr characteristic ranges of pressure and photon
energy a~e lilustrated 1n Fig. 1. The diagram indicates the
approximate pressure (ordinate) which can be achleved 1in the
sample chamber for each type of experiment and the corresponding
range of photon energies (abscissa) which can be used., The
factors which limit both pressure and photon csnergy are indicated.

The photoemittlng surface must be carefully prepared to
avold condltlons which may lead to chemical reactions, severe
nonstoichiometry or other conditions which may modify the photo-
emission characteristics., Cleaved surfaces have been used to
obtain a1l of the experimental results reported here. Initial
measurements have been madc on samples cleaved in air and
sealed Into a glass phototube after baking for a minimum of

elight heurs at 140°c. A test chamber has been designed in

-5 -
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Provielons have been made to admit high purity zas intg the
system 50 that the effect of the gas on the surfaces eran be
det=rmined. Experimental studles have been exterded it~ the
far vacuum ultraviolet region beyond the cutoff of LiF in the
range of photon energles from 11.6 to Z1.2 eV by vsing a window-
less monocnromator system in which the sampie 1s exposed tc a
pressure of approximately lO—a torr. This pressure 1s produced
hy the gas (hydrogen, hellum, or neon} used to cperzte the lamp.
An attempt to reduce the elerctron alffinity of C4S by aading Cs
to the surface was unsuccessful due to a reaction between Cs
and 2dS.

Absolute quantum yleld has been measured by a dc method
and the energy distributlon of photoemit :d electrons has been
measured by an ac method. Possible scurces of distortion have
been 1nvestigated, iIncluding the effect of the geometrical
configuration, the effect of a gaseous atmocprere in the inter-

electrcde space, and the effect of stray Tields,

B, CADMIUM SULFIDE SAMPLE FREPARATIO)
1. Orientation
The clean surfaces riecessary for rellatle prh.otcemis-
sion measurements nave been obtained by cleaving the CdS crystal
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1 ¢cm” 18 required by the optics of the avallable vacuum
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moncchromator. Prior to being cleaved, tne sample
cubes with edges at least 1 cm In length., To successfully
cleave a crystal of this size 1t 1s necessary to accurately
locate the ¢ and a axes of the hexagonal wurtzite structure

by x-ray diffraction techniques. The basic cell of the wurtzlte
stpucture is shown 1n Filg. 2 [Ref. 28]. The approximate
orientatlion 1is established orn samples which have a fractured

or broken surface by visual observation of apparent easy
cleavage planes which usually 1lie parallel to the c¢ axis

{[0001] direction). The crystal is mounted on a goniometer
mount with the (0001) plane nearly perpendicular to the x-ray
veam. The exact liocation of the {0001) ;lane is then esta-
vlished by standard x-ray techniques [Ref, 29], and a face

is cut parallel to the (0001) plane. A Laue x-ray diffraction
pattern for CdS with the proper orientation 1s stown in

Fig. 3. Before the crystal 1s removed from the gonlometer
mount, lines are scribed in the sawed surface corresponding

%

to tne lines 1in the

)

ilm plate holder, to establish the
rotational orientation of the crystal with respect tTo the

f1lm. Faces are then sawe

£,
©
)
-3

pendicular tc the original
(0001) cut, parallel to the (10I0) and the (1210) planes as
shown in Fig. 4. The cube of (dS with accurately oriented
faces 1s then completed by one additional cut parallel to the
(0001) plane. Filgure 5 chows a cube of (dS to whlch

celectrical contacts have been attached.

-8 -
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2, Electrical Contacts

Electrical contact and mechanlical support 1s esta-
blished by bondinz a small nickel plate or sheet to the CdS
surface with indium. Prior to application of the contact, the
edges of the cube are rounded to a radius of about .010" to
mirimlize the distorted electric filelds which may appear in the
vicinity of sharp corners durlng the retarding potential
measurements. Indlium 1s then evaporated in a vacuum of 10-?
torr on the appropriate CdS surface, which 1s at room tempera-
ture, through a mask somewhat smaller than the face of tne
cube. For cleavinz in the (1010) plane the indlum 1is evaporated
on the (10I0) face of the cube, and for cleaving in the (1210)
plane the indium is evaporated on the (1210) plare. After the
sample 1s removed from the vacuum, a nickel contact 1s clipped
to the indium coated face with a tungsten spring. The assembly
is then inserted into a furnace operating at a temperature of
400% through which a reducing atmosphere 1is flowing (90% N2 -

1 H

R

v

), The sample remains in the furnace for a period of

n

2

ii

o

\n
3
s

rnutes (a time which has been determined empirically)}

until the sample temperature risec to approximately 200-25000.

If the assembly remains in the furnace for too short a time,
the indium fails %o melt and no contact is established; 1if the
assembly remains in the furnace for too long a time, the indlum
becomes brittle and tends fto flake off the CAS. Contacts have
been placed on opposite faces or on a single face, dependling

on the intended use of the crystal.

- 11 -
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3. {Clesving
Jreviously reported methods for zieaving =mail smaples
of CdS depend con splitting the crystal with the impact of a
wedgz [Ref. 30] or on bending & %hln fillament of the material
untll 1% breaks [Ref. 31] to obtaln the desired surface. For

a crystal with a larze /1 em
experiments, impact methods of cleavinz are not applicsable
slnce they cause the crystal to shatier or to break in an
unpredictable cleavage plane. In addi:-! ion; 1t is doubtful if
the relatively week indium contacts could withstand the impact.
The crystal 1s meounted in such a way that 1t can be moved into
the electrical collector after cleavin 12 with the cleaved
surface normal to the path of the incident light. The mount
mugt. be placed 30 that 1t 18 not illuminated by the lignt
source during the measurements. To overcume the cleaving
difficultiec and to meet the other requirements of the svatem,
a cleaving mechanism has been developed which uses opposing
knife edges between whileh the sample is aqueezed with a slow
uniform application of force until 1t splits in the desired
cleavage plane,

The mechanism used for cleaving in air is shown in
Fig. ©. The Jaws of a standard tench vise have besn modifled
50 that stalnless steel razor blades which are mourted oppogite
each other move in the sa.ze plane. A iine has beern scribed on

the base plate designed for use with the cleaving mechanisn

to aid 1n visual alignment of the c¢rystal. Cleaving is
accompllish by tightening the screw untii tre samplie splits,
- 12 -
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The electrlcal contact and mounting wire assembly 1s attached
to the sample prior to cleaving. The emitter assembly 1is
connected into the measurling circuit after cleaving, by means
of serews or by spot welding.

The vacuum cleaving mechanism 1s shown in schematic
form in Fig. 7. A photograph of the mechanism 1is shown in
Fig. 8. Approximately 80% of the attempted cleavages have
been successful. The unsuccessful attempts usually resul ted
from attemptling to break off & slab thinner than 1.5 to 2 mm.
In the vacuum cleaving mechanlsm, the sample (A, Fig. 7) is
mounted on a shaft (B) which extends through the center post
{C) of the cleaving Jaws (D) and through the tube (E) which
is rigidly connecteu to he flange (F) at the movable end of
a stalnless steel bellows (G). A spacer (H) 1s mounted at the
opposlte end of the tube 1n such a way that 1t moves back and
forth as the flange (and tubc) is moved. The spacer can move
freely in a direztion perpendicular to the axis of the tube
50 that 1t automatically centers between the inclines (I).
The shaft and tube are not connected during the cleaving
operation, The crystal 1s properly positioned between the
razor blades (J) with the ¢ axls oriented as shown. Cleaving
1s accomplished by moving the flange to the rear by means of
the wing nut (K) which presses against the ycke (L) and the
back flange of the chamber (M). The spu..r (E) forces the
inclines apart and causes the razor blades to Squeeze th=
sample until 1t splits along the desired cieavage plane., After

cleavlng, the shaft 1s connected to the tube by means of a

- 14 -
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magnetlic lateh, and then the sample 1s movea forward into the
electron collector. A more recent design uses two bellows
which transmit the lirear motlons to the cleaver and the tésw
sample lndependently, allowing easier control of the sample
poesition, Eithep cleaving mechanism can be operated any
desired number of times without bringing the test chamber back
to air pressure. The collector assembly in Fig. 8 1s discussed

in detail 1in Seec. D.

C. SEALED PHOTOTURE

A Cd3S sample cleaved 1in air and sealed into a pyrex glass
envelope as shown in Fig. 9 has been used for the initial photo-
emission experiments. Ultraviolet light 1s admitted through
a4 1-in.-diameter LiF window which is mounted by a method
described by Berglund [Ref. 32]. The CdS sample 1is mountad
by means of two .040-in. nickel rods which extend from the
nickel contact on the crystal to the pins on the uranium
zlass header. The collector can 1s made of .005-1in. nichrome
sheet which 1s rolled into a 15-1n.-dlameter cylinder witn
a l-in.-dlameter hole through which 1ight is admitted. The
ends of the eyvlinder ape clused with flat sheets of the same
material and the entire collector assembly 1s cleaned by
degreasing and then by firing in a hydrogen atmosphere for
ten minutes at 1000°C. The collector assembly is then spot
welded to the pins in the oppotite uranium glass header and
the envelope 15 assembled.

The tube 1s processed on a liquid—nitrogen-trapped 01l

- 16 -
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diffusion pump system by baking at 140°C until the pressure is
reduced to the 10-8 torr range. Thls takes about elght hours.
The tube 1s tipped off and sealed alter 1t has cooled %t¢ room
temperaturc.

An attempt has beer. made to lower the electron affinity of
CdS by depositing a monolayer of cesium on the surface. A
photofube similar to the one previously described has been
constructed with "cesium" channels containing Cs,Cr0y, a shield
to prevent direct exposure of the test sample to the ceslum, and
a wire mesh attar-..ed to the same header as the collector to aliow
easy circulation of the cesium., The tube was processed as
before except that an attempt was made to deposlit a monolayer
of Cs on the CdS surface prior to the sealling operation. The
current through the ces!uim channel is slowly increased until
nphotoemission 18 observed from the shleld to one of the unused
pins in the header. Then photoemission from the colle~ >r and

the sample 1s observed alternately as a function of time as

more C8 1s generated. The emlission from the collec*or rises

slowly to a peak valu2 and then decreases. At this tlime the

current to the Cs channels 1s reduced to zZero ar  the tube 1s

sealed after the pressure drops to the low 10'8 torr range. ‘
Tre attempt to lower the electron affinlty of CdS with Cs

was unsuccussful because of a chemical reaction. The reaction

was verifled in two different ways. First. the color of the

cleaved CdS surface changed notlceably rom orange to black 1

after exposure to Cs. Second, the structur: 1n energy distribu- ‘

tion curves made on the ceslated sample was completely different

- 18 -




from the structure in curves at the same phot~n energles for
freshly cleaved (dS.

D. HIGH VACUUM TEST CHAMBFR
The high vacuum test chamber designed by the author has
been fabricated by Varlan Assoclater of Palo Alto, California,

and 1s shown 1in Fig, 10. The cleaving mechanism andé test

sample holder is mounted on the speclally designed 6-in. OD

tack flange. Linear motion 1s transmltted through & stainless

steel bellows which is restrained agalnsu the pull of the vacuum

by a threaded shaft and wing nut. The operactlon of the cleaving

mechanism 1s described in Sec. B2,
Electrical connections (see Fig. 8) are made to the collector,
the emitter, and the aluminum evaporators by means of six

t~1n.-diameter electrical leads through ceramic insulators

mounted ir the back flange. The emitter is connected to one

of the electrical leads with a 0.005-1in.-ditmeter annealed
copper wire. The wire 1s insulated with segmented quartz
8leeves to prevent shortling to tie cleaving mechanism, and
1t 1s positiored so that the insulators are outside the

collector. The collector is made of 0,005-in. nichrome sheet

rolled into a 13-in.-diameter cylinder with 1-in.-diumeter
holes on opposite sides used for admitting light and for
inserting the sample int, the collector can. The holes can be
masked by means of magnetically operated swinging doors which
prevent chips of CdS from flying into the cellector can during

the cleaving operation and which mask the test semple and LiF

- 19 -
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electrical cornnections can be used for other purbcsess. The

third lead provides electrical cornection to the gollector,
Tr

Tnn order to insure a uniform collector work function,

aluminum nae been evaporated on the inner surface of the col-

lertor after the system has been evacuated to less than 10
torr. During evaporation the pressure remain: below 10 ' tort.

The evaporators are made by 1lnterweaving 0.010-in. aiuminum
wire in a &-in.-long coll of $.010-in. tungsten wire.

A 13-ir.-dlameter pyrex glass viewlng port is attached to
the top of the test chamber to allow visual control cf the
cleaving operation. Another fiange 18 provided for attachling
ar lon gauge or other auxiliary equipment which may be required,

Light from the monochromatic source 1s admitted to the
test chamber through a l-in.-diameter, 1,/16-1n., to 1/8-in.-
thick, cleaved LiF window. This window is sealed (o a specially
designed silver gasket which has been machined tc have the
profile of the standard gackets used with the Varlan Conilat
tlange as shown in Fig. 11. The window iz prepared for sealing
by sandblasting a 1/8-in. ring on the edge of one surface with

fine alumina powder. The siiver gasket 18 prepared by annealing

% S o ;
in a hydrogen furnace for ten mlnutes at 750°C. Wnlle hot, the

0}

painted areas of the window and the sliver gasket are tlnned

e

'S

with siliver chlcride which meits at approximateiy 50000. Then

i axe
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FIG. 10. TEST CHAMBER (BACK VIEW) AND PUMPING
EQUIPMENT FOR PHOTOEMISS ION MEASUREMENTS.
(Photo courtesy of Varian Assoc.)

FIG. 11. LiF WINDOW SEALED TO
0.010-in. SILVER EXPANSION
RING AND GASKET (ACTUAL
SIZE). :
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the window 1s placed 1n the silver gasket and the temperature
is ralsed until the silver chloride Just melts. Additiocnal
silver chloride is painted around the seal and the oven 1is
allowed to coecl overnight.

The LIF wlindow 18 attached to the front flange of the test
chamber by tightenlng the s8ix bolts on the periphery of the
flange. A new window assembly can be installed in a few minutes
by removing and reconnecting the flange. All of the high vacuum
tests reported 1in this experiment have been made using a single
L1F window. This window has been subjected to differential
pressures as large as atmospheric pressure in either direction
without damage to the seal. The only precaution taken was to
change the differential pressure slowly over a period of a few
minutes using a leak valve.

The hligh vacuum test chamber and 1ts associated pumping
equipment 1s mounted on a moblle stand, shown in Fig. 12, which
can be raised or lowered on screws to the correct position for
attachment to the vacuum monochromator. The stand contains all
of the pump statlon controls and an oven controller which is
used fur temperature regulation when the test chamber 1s baked.

A block dlagram of the vacuum ch.mber and the Varian VacIon
pumplng system 1s shown in Fig. 13. The test chamber 1is
svacuated through a 1i-in.-diameter port to which a titanium
sublimation pump and an 8 1it/sec VacIon pump are attached.

The titanium evaporators in the sublimation pump are positioned
to prevent line-of-sight evaporation into the test chamber.

The Vaclon pump 1s positioned so that ions cannot move directl:

- 22 -
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into the test chamber. The entire high vacuum reglon of the
test chamber is 1solated from the forechamber by a bakeable
valve which has a copper gasket. The high vacuum reglon of the
test chamber enclosed by the dotted line in Flg. 13 can be vaked
at a temperature up to 400°¢ by using a portable temperature-
regulated oven. The indium contacts used with Cd5 limit the
bake out temperature to about 140%C when the sample 1is in the
chamber. The remaining portions of the high vacuum regilon,

including the bakeable valve, can be baked at temperatures up

9

to 400°C by using heater strips. Pressures below 10 ° torr can

eaglly be achieved in the high vacuum reglon of the system.

The forechamber region 1s alsc shown in block dlagram form
in Fig. 13, and is pictured in Fig. 14. The forechamber is
connected to the Varian VacSorb pump through a lé-in. valve with
a viton gasket. A leak valve with a viton seat 1is also attached
to the forechamber. This valve 1s used to return the system to
alr pressure at a controlled rate to prevent damage to the LiF
window. In addition 1t can be used to Introduce controlled
pressures of high purity gasses for environmental experiments
from one liter pyrex glass containers which are attached by a
qukk connector with a viton O-ring (not shown). The pressure
in the forechamber 18 monitored with a Wallace and Tlernan mano-
meter gauge for pressures between 1C torr and alr pressure
(760 torr). A Hastings thermocouple gauge 1s used for pres-
sures down to about 10;3 torr (1 micron) which 18 the low
pressure limit of trne roughlng pump.

The entire region between the test chamber and the vacuum
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FIG.

14,
TEST CHAMBER. (Photo courtesy of Varian Assoc, )

VALVES AND GAS CONTROL EQUIPMENT FOR HIGH~-VACUUM
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monochromator must be evacuated to pressures below 10~ torr
to allow propagation of the ultraviolet light. Therefore, the
front flange of the test chamber is machined so that 1t wi:l
seal agalnst the O-ring 1n the exit port of the monochrcemator.
Provislons have been made for measuring the intensity of the
incident light and for inserting filters in the beam, by using
sllding vacuum seals through a 7/8-1n.-thick brass ring as
shown 1n Fig. 15. One face of the ring 1s machined to seal
against the vacuum monochromator, and the other face contains

an O-ring which seals against the flange on the test chamber.

E. WINDOWLESS EXPERIMENTS

Lx

The range of photon energies avallable for measurements
when using the sealed phototube or the high vacuum test chamber
1s Ilimited by the upper transmission cutoff energy of IiF at
11.7 eV. The measurements have been extended to photon energiles
as high as 21.2 eV by removing all windows from the lizht path
between the lamp and the test sample. The test sample and the
collector are supported from a 7-pin tube header which can
be plugged Into a ceramlc tube socket in the test chamber, as
shown in Filg. 16. The dimensions of the collector ard the
methods of mounting the sample are similar t» those used with
the high vacuum test chamber. The samples tested have been
cleaved 1n alr and mounted in the test chamber, in which a
pressure of approximately 107" torr s malntained by the 6-in.
oll diffusion pump 1n the vacuum monochromator.

Measurements have also been made using the high vacuum

- 26 -
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test champer wlth the Vaclon purping port sealed off and the LiF

(TR

window removed. The test sample 1s cleaved after the test
o . . -4
cramber has been evacuated to a pressure of about 10 torr.

The atmosphere in the test chamber is determined by the type of

ity

gas with which the lamp 1s operated. The test chambter is care-
fully cleaned after this type of measurement before 1t is
reconnected to the VacIon pumping system to minimize the possi-
bility of contamination due to the oil diffusion pump.

The results of windowless measurements are compared with
the pesults of measurements made in the clean hlgh vacuum system
to determins the effect of surface contamination on the valldity
of the results. The comparisons are discussed in detall in

Chapter V.

i

F. LIGHT SOURCE AND ELECTRICAL MEASUREMENTS

1. Monochromator and Light Source

Monochromatic light for all of the measurements has
been provided by & McPherson Model 225 1l-meter vacuum ultra-
vioiet scanning monochromator in the system illustrated in
Fig. 17. Light 1s generated 1n a Hinterregger Uype gas
discharge lamp operated in the dc mode from a variable 3000-v,
500-ma power supply which has a peak-to-peak ripple of approxi-
mately 5%. The lamp 1s stabilized by means of a series resist-
ance and reactance as indicated. Use of the dc mode reduces
the 120-cps ripple below that of an ac source by at least 10 db.

Gas for the lamp is suppllied through a two stage regu-
iator to a manifold at a pressure of about 20 1b above atmos-

pheric pressure. Gas flows from the manifold into the lamp

- 28 -
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shamber throuzh a zood ¢ .11ty Nupro needle valve, and 18 then
pumped through the input siits intc the main chamber of the
monochromator where 1t 18 removed by the ©-in., cil diffusioen
pump. The lamp 1> operated at precsures in the range from 1

to 5 tor» with the exacwy pressure controlled by the needle

valve to glve the most stable opsration of the lamp. The pres-
sure in the main chamber 1s maintained at about 3x10-& tory.

A hydrogen discharge operating 2t a pressure of 2 torr
and a current of 300 ma has been used for measurements in the
ranze of photon erergles up %o about 14.5 eV, A typlcal hydrogen
lamp spectrum is shown inr Flg. 18. Measurements have been nade
at higher photon energles using the strong spectral lines of
neon at 16.8 eV and of helium at 21.2 eV.

The diffraction gruting is ruled with 600 lines/mm and
1s blazed at 1500 &, eiving a horizontal dispersion of 16.6 '
per mm of silit width. The horizontal aperture is {10 end the
vertical is f15. The horizontal slit width may be adjusted
continuously by means of a micrometer Ircm 10 microns to 2 mm.
The 211t height may be fixed at any value up to 2 cm. The
e£it sll. houslngz may be sesled off from the maln chumber
usling flat valves, so that the sample chamber can be changed or
adjustments can be made without returning the entlre monochro-
mator to air pressure. This allows continuous operatlon of
the lanp. A separate roughing pump 1s us=d to zvacuate the

=11t housing, and in zome cases the test chamber, before it
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18 reconnected to the main chamber,

2 Méasurement_of the Quantum Yield

The system used for measurement of quartum yleld using
the vacuum mono hromator is shown in Flgz. 19. The collector of
the photodiode is biased b~ -tive with respect to the emitter
by a potential corresponding to about twice the nighest photon
energy to be used. The bias voltage 18 made large enough so
that the photocurrent will not be space~charge limited and so
that electrons emitted from the cellecter due to lizght reflected
from the emitter will have inzufficient energy to reach the
emitter. Excessive voltage must be avolded to prevent high
fleld emission from corners of the sample. The dc photocurrent
from the test Sample 18 measured with an electrometer and
compared with the current from a detector witr constant Quantum
efficiency. (The detector which consists of a sodium S8alicylate
¢oating on a photodiode or photomultiplier will be described in
detall in a following paragraph.} This Meadurement establishes
the relative gquantum yield over the entire gnergy range. A
correction must be made for the tranrsmissinn of the LiF window,
for which a typical transmission curve is shown in Filg. 20,

A transmission cupve i=s measured for each LiF window prior to
irstallation, and it has been established that the installation
process does not Significantly change the transmis-ion charac-
terlstics. A correction is aiso made for reflection from the
CdS sample using the refiection data measured ty Walker and
Usantowski [Ref., 7]. The absclute yield 1s established by

comparing the current from the test =sample av a giver photon

b
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energy with the currert from a Ce.3b photodiocde with known
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absolute yleld in the vacuum ultraviclet raglion.
Errors may be introduced in the yield measurement if

brecautlons are not taken to determine the efTects of leskage

currant, and to elimlnate z2econd and higher order lines ang
scattered light produced by the grating. The magnlitude of the
leakage current is determined by interrupting the light beam
with the flap valve at the monochormator exit s1it and by

measuring the current. Then the leakage current iz subtracted

s g

from the measured photoemission current. In the spectral region
from 2100 X tc 1700 R an optical grade quartz filter can be

used to eliminate second order lines from the strong hydrogen
spectrum occurring between about 900 § and 1650 R. If the
system 1s operated without Windows, a LiF filter may be used

to eliminate second order lines at wavelengths down to 1060 %
resulting from strong linss cceurring in the He and Ne Spectra
at shorter wavelengths. Scattersad light from leonger wavelengths
can be detected during measurements below 1000 K by inserting

quartz, L1F, or other filters. If the threshold in vield

occurs in the spectral range ahove 1600 3, as i1s the case with

d to e

M

k4
im

[

nate scatbere’

[ -

Cd3, a quartz filter must be instajl

1ight from the intense hydrogen spectrum below 1600 X.

WML

All electrodes inside the collector, except the emitter,
are operated at collector potential during the quarium vield
measurement on sealed glass photodiodes. It is also necessary
that the entire incident 1lght beam strike the photoemitting

surface 80 that the total amount of ilght incident or the test

-
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samples or the reference tube 1s the same. The envelope of the

high vacuum test chamber 1s grounded and provides a return path
for the photoemitted electrons which escape through the hole in
the collector. Yield measurements made with the collector
connected to the metal envelope have been compared with m=2asure-
ments made when the collector was operated at a large positive
potentlal and have been found to be in substantial agreement
provlded that the photocurrent is measured in the emitter

arm of the circuit.

The sodium salicylate coating 1s applied as 1illustrated
in Fig. 21 by spraying a saturated solution of sodium salicylate
in alcohol from a modified DeVilbis #U40 glass nebulizer onto an
optical filter or directly on the envelope of the photodetector.
The nozzle of the nebulizer has been modified by drilling a
hole through a rubber stopper and inserting a 1/16-in. ID
brass tube as 1llustrated. ‘'irne vaporizer 1s operated with
nitrogen (or air) at a pressure of approximately 5 nsi. The
NE or air 1s humidified by bubbling through a flask of water
before it is introduced into the vaporizer. The surface Lo
be coated is held about 4 to 8 in. from the nozzle so that the
coating appears to dry on contact. If the coating is to be
used for detection in the reglon from 4 to 6 eV, 1t must be
made thick enough so that an object viewed through the coating
cannot be easily distinguished. The method deseribed above 1s
similar to a method described by Smith [Ref. 33].

The absoiute quantum yleld 1is established by comparing

the test sample with a Cs,3b standerd with a LiF window. The
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standar
wlth an RCA 934 photodiode which has ceen calibrated for

hag been caliibrated at Z eV by compariscn
absolute quantum yield by W. E. Spicer, and checked wlth the
ald of H., R. Philipp at General Electrpic Research Laboratories
[Ref. 34]. The absolute vield of the Cs. S standard has been
measured te & eV by comparison with a balcmeter or a theimo-
couple standard. The relative yleld has been measured in the
vacuum monochromator using the sodium sallecylate standard ovep
the energy range from 4 to 11.6 eV. The two vield curves
overlap in the energy ran ige from 4 to 6 eV s¢ that the absolute
vyield in the vacuum ultraviolet region 1is established within

an estimated error of :15%,

Under ultraviolet radiation for photon energies greater
than 4 eV, Watanabi and Inn [Ref. 35] have found that sodium
salicylate emits photons at approximately 430G 2 with constant
quantum efficiency. Their measurements cover the continuous
range of wavelengths from 3000 & (4.1 eV} to 85¢ R (14.6 ev)
and include a point at 584 § (21.2 eV). The quantum efficiency
is reporiaed to be down by 15% at the 584 8 wavelength., If the
layer of sodium Lalic cylate 1s not sufficlientiy thick, some or
ti.e lneldent photong in the energy range from 4 to 6 eV wiil

not be absorbed by the sample and there will be s Corresponding

‘C/lv

loss 1n quantunm efficlency [Ref. 36]. This ioss of efficiency
has been confirmead by recert experiments in this lahoratory.
The gquantum efficlency may change slowly over sz period of

geveral days depending on the hlstory of the sodiunm sallevlate

coating; however, 1t will remairn contant over a period
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2f several hours which allows ample time for meazurement of
relative quantum yleld. 3mith [Ref. 33, p. 5] zives a summary
of the previous lliterature.

3. Measurement of Energy Distributions

The energy distributlion of photoemitted electrons is

AL

determined by measuring the small signal conductance of the

photodlode as a function of dc¢ retarding potential for a
fixed 1Incldent photon energy. Spicer has developed a measgsuring

technique which has been modified Ey Berglund [Ref. 37] as shown

in Fig. 22. Thils uses a motor driven dc voltage sweep and an
&c drive wlth a synchronous detector that eliminates the capa-
clilve component of tube current and reduces noise in the

measurement. Each energy distribution curve is plotted auto-

UG R 1 | 11]!

LU

matically on an XY recorder. A set of 15 to 25 energy dis-

tribution curves can be plotted within an hour after cleaving

a Cdl3 sample in the hlgh vacuum. Since the minimum time %o

H{UUCHET

form a monolayer of gas on the surface at 10-9 torr 1s approxi-
mately fifteen minutes, changes in the energy distributins due

to changing surface conditions should be observable.

Previocusly reported measurements using the ac method

have been made on sealed glass tubes in which no de current

JREI

could flow to the envelope, The effect of usirg a grounded

TR

metal envelope has beer investigated by operating the bridge
(Flg. 22) elther with the collector grounded or with the node
between the load resistors grounded. This bac been done to
determine 1f electrons which ezcape to the metal case, through

the hole in the collector used to admit 1ight, would produce
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different energy distributions for the different field configu-
rations. The fleid distortlion has also been reduced in one
experiment by covering the hoie in the :zo0llectcr with a mesh of
0.005-1n. wire with a spacing of approximately 0.2-in. No
difference in the energy distributions measuied by the varlous
methods has been observed. Therefore, the measurements have
been made by the method 1in which the load resistors are grounded
for stablllty and low ncise, Tre cc'lector hole is not covered
with a mesh in order to maximize the front-to-back ratio.

Magnetlic flelds 1n the test chamber can cause the energy
distribution curves to be dlstorted because of the change in
electron trajectorles. The effect of the earth's magnetlc field
has been found to be neziigible by spaclally orienting the
en~rgy distribution experiment 1n different directions. Energy
distributlon curves measured at the same photon energy were
found to be the same regardless of orlentation. The ion pump
used with the system requires a very strong magnetic fleld
provideu by a permanent magnet. This magnet 18 removed during
the measurements since its field is sufflclently large to
distort the energy distributions. Residual magnetic flelds
i the test chamber have a negiiglble effect on the measured
énergy distribution. This has been determined by measuring
energy distributions before and after a demagnetizing fileld
was applled to the test chamber.

A gaseous atmosphere at a pressure of approximately
10~ torr exists in the analyzer can of the photodiode during

wilndowless photoemlssion experiments, in which nelther the
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sample chamber nor the lamp is isolated from the maln chambter

by a window. This gaseous amblent can affect an energy dis.ribu-
tion curve by scaitering the photoemitted electrons. Figure 23
shows energy disiribution curves taken in an oxygen atmosphere

at several pressures. The shape of the curves 1s approximately

constant for pressures below 10”3 torr and the amplitude 1s
y

constant for pressures below 10  torr. Since the mean free
path “«pr electrons 1n HE’ He, and Ne 1s more than twice the

mean free path in 0, [Ref. 383, 1t 1s apparent that the energy
distributions will not be affected by scattering of the electrons

with the gas molecules under the conditions of the experiment.

4, Work Functlon and Surface Properties of the Collector

In photoemission measurements it 1is convenient to use
a metallle collector. For reasons given below 1t 1s important
to know the value of L.e collector work function and to know
the magnltude of varlations in work function over the surface.
A Fowler plot of the threshold of photoemission from the
collector 1s used here to determine its work function. A
typlcal plot for a freshly evaporated aluminum collector sur-
face 1s shown 1in Fig. 24,

Durlng & sequence of experiments, the collector surface
which 1s orlglnally prepared by hydrogen flring may be coated
with an evaporated layer of aluminum, or it may be exposed to
gases such as oxygen, nltroger, hydrogen, or water vapor. The
electron affinity of the semiconductor may change as a result
of exposure to the same gases., In additlon the erergy bands

near the surface of the semlconductor may be bent with respect
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to the bands far from ths surface resulting 1in an apparent
change in the electron affinity. A knowledge of the work
funetion of each of the surfaces aids in understanding the
effects of band bending, in estimating the 1mpurity level in
the semlconductor by locating the Fermi level, and in estimating
the effect of intentional or unintentional chemical treatment
or contamination on both the semiconductor and metal surfaces.
The energy level versus distance dlagram for a semi-
conductor emltter and a metal-collector is shown in Fig. 25.
Thls situatlion has been discussed in detail by Apker, Taft, and
Dickey [Ref. 39]. The diagram corresponding to cutoff of photo-

current 1s shown in Flg. 25a. The potentials satisfy the relation

p  +tOp=hv - E (1)

in which E is the electron energy corresponding to the applied

bCO

voltage, hv 1s the photon energy, EF is the Ferml level referred
to the top of the valence band, and ¢m is the work function of
the collector. The semlconductor work function is related to

the Fermi level through the expression

En +0, = E, +E; (2)

in which EA is the electron affinity and “ is the band gap
energy.
The diagram corresponding to saturation of photocurrent

is shown in Fig. 25b. The potential satisfy the relation

ikl e
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o +E = ¢ (3)

in which Eb corresponds to the applied voltage at which satura-

tion occurs?

A nonuniform collector work function will cause a loss
of resolution in the energy distribution experimernt since an
electron which has just enough energy to be collected in one
reglon of the collector may have insufficlent energy to be
collected 1n arnother region. The effect has been estimated
by measurlng energy distribution curves at the same photon
energy for similar freshly cleaved CdS emitters while using
one cf four different types of coliector:. Comparisons have
been made between a collector which was cleansd by degreasing
and hydrozen firing prior to asgembliy, a collector which was
coated with a fresh layer of aluminum evaporated 1n high
vacuum, and two similarly aluininized collectors which were
Subsequently exposed to oxygen or nitrogen. The shape of the
meéasured energy distributions agreed 1n detall, but the zero
of energy shifted with the work function of the collector.
Tnls led to the conclusion that variations of colliector work
function have negligible effect orn the resolution of the

experliments reported here.

IIT. THEORY OF PHOTOEMISSION FROM SEMICONDUCTORS

A. INTRODUCTION

Photcemlssion has beer used previously by many Investiga-
tors to study band structure, optical transitlcns, escape of
electron from solids, and pair producticn (or electron-electron
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Scattering) In both semiconductors and metals. Measurements of
quantum yleld have been used [Refs. 1, 2, and 3] to determine
the type of opfical transitions which occur near the threshold
for photoemission. Both gquantum vleld and the energy distribu-
tion of photoemitted electrons have been used [Ref. 40] to
determine the absolute energy level of high density initial

and final states and to estimate the selection rules coupling
these states. Pair production [Refs. 25 and 26] has been
studled using the same technigues. Distortion of Lhe measure-
ments due to band bending [Refs. 41-47] and scattering [Refs.
25, 27, and 48] has also been considered. Theoretical calcu-
lations of photoemission have been based on the Bloch model

of the electron, The wave function of an electron in the
periodic crystalline potential of a s0lid in the Bloch model

is of the form

ik.r ()

in which uk(f) i1s a periodic function of distance with the

Same period a8 the crystal lattice. The product of the
propagation vector k and the reduced Plank's constant i 1is
called the crystal momentum. The probability of transition
between a pair of Bloch states depends on the magnitude of the
matrix element of tlie Hamiltonian which couples the two states,
i1.e.,on selection rules which are contained in the matrix
element. The transition probabilities between a group of
initial and final states depend, in addition, on the density

of initlal and final states in k space.
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if the potential which the electron sees is riot completely
periodic, 2 summation of Bloch states must be used to represent
each electron. This nonperlodleity may occur as a result of
strong electron-lattlice coupling [Ref, 24}, In this situation
the avsumptlons on which the one electror approxlmatlion is based
may break down. 1In cases where the quantum state cannot be
represented by the simple Bloch states of Eq. (4), selection
rules determined using that representation may not be meaninz-
ful even though certain features of the Eloch representation
remain approximately correct.

Gonsideratlon of the Bloch model leads to two familiar
types of optical transitions, the direct and the indirect
transitlions. A third type of transition, the nondirect
transition [Ref. 49], 1s defined in this section to ineclude
situations in which the Bloch model is inedaquate. In the
direct transition both energy and crystal momentum k are
directly conserved and the transition probability depends on
the jolnt density of states [Ref. 50]. 1In the indirec:
transitiocn both energy and crystal momentum are conserved
wilth the ald of phonons. The transition probabiiity capends
on the product of the initial and final density of states,

The energy salned or lost by the phonon 1s small. IiIf tae Rloch
representation is inedaquate so that conservatior of crystal
momentum 1s no longer an importiant selection rule, the transi-
tion probability will, again, depend on the product of the
initial and Tinal densitles of states [Ref. 49]. ¥andirecw
trensitions include indirect transiticns éﬁ& trensitions in
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which conservition of k 1s not important as a selection rule.
A large amount of information nbout the density of states
can be obtalned f'rom photoemission measurements by assuming
that the matrix elements at a given photon energy are constant
[Ref. 50] so that the transition probabllities dupend only on
the initial and final densities of states in energy space,
The density of states determined from the results of photo-
emlssion measurements can be used to calculate photoemissive
yield and optical constants. It can also be used to reproduce
the energy distribution curves from which it 1s obtained.
Distortion in energzy distribution curves due to band
Lending has not been considepred previocusly in a quantitative
fashlon. A method for calculatling the effects of band bending
on eneérzy distribution curves 1s developed here. Effects of
elastic and inelastic scattering of the excited electrons are

also considered.

B. THE PHOTOEMISS™ON EQUATIONS

The photoemlssion quations are derived by assuminz that
all of the nownseflected photons from a normally incident light
beam are absorbed by optical excitation of electron-hole pairs
in the solid. Some of the optically excited electrons travel
to the surface with or without loss of enerzgy. Those electrons
which arrive at the surface with sufficlent energy, and which
are not refiected back into the s0lid, escape into the vacuum
and contribute to the photoemission current. The remain_.ng

electrons are unatble to escape and lose energy inside the

]

€olid. The ratlio of emitted eleciron flux to incident photon

#
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flux 1s the quantum yield. The emlitted electron flux per
unit energy ranse 1s the energy distribution of photoemitted
electrons.

Consider a photon flux F traveling to the left at a
distance x from the surface of a semi-infinite solid as shown
in Fig. 26. The differential loss of photon flux ¢F in a
distance dx 1: proportional to the product of the photon flux
and the thickness of the absorbing region. The constant of
proportionality 1is the absorption coefficient. This may be
expressed in terms of the differential equation

%}“. = -a(hv)dx (5)

The solution of Eq. (5) for photon fiix as a function of dis-

tance 1s

F(x,hv) = I«‘t(lw)e-a"x (6)

in which F_(hv) 1s the value of the photon flux (nonreflected)
Just inside the surlace of the sampl.. Substitution of Eq. /6)

in Eq. (5) results in the expression

dF(x) = -aFt(hv)e-axdx (

-1

)

The optlcal absorption of the photons results from exci-
tation of valence band electrons to firal energy levels in
the conductlon band in the range of energies between the
conduction band minimvm and an enerzy level which exceeds the

valence band maximum by the photon enerzy. The probability
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that the optical excitation will cccur to a iinaj Ener=y

+dE &z
protability density function, pO(E,hv).

am

level between E and illustrated 1in Fig. 27 may be

£l
tn

-~

expressed in terms of a
This function may te normallzed by dividing by 1its integral

cver all final states given by

A\
?G{hv) = g‘po(ﬁ,hv)dE

[ &

o~
4]
e

]

G
That portinn 4df of the differential photon fiux dF which 1is

absorbed in an enerzy range between E and E+dE can be expressed

using Egs. (7) and (8) by the relation

p(E,nv) —ax )
AP(E,hv,x)dE = -a(hv) 2o F_(hv)e dEdx {9)
r O{?u ] £

In Eq. (9) the probabiiity gensity function for absorption

- i

T Iy Y
pg(hfny)/Fo(hvj may
a(hv) to zive the absorptlon per unit of finai energy range

the absorption coefficlent

a'(E,hv) in the solid.
The probabllity that an electron will travel to the surface
and escape after belng excited to an energy E at a distance x
from the surface can be expressed in terms of an energy depen-

a threshold function T(E)

(=8

N

dent attenuatlon length L{E) and
[Ref. 32] which are interdependent. The detalis of the rela-
tionship between T(E) and L{E) in the presence of phonon

agttering and spescular or diffuse reflection of eiectrons at

e}

€ gurface 18 not well understood (see Secs. €2 and C3 for

ot
-

I
oo

more discusslion of these quantities).
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will be assumed that L{E) 1s independent of T(E) and represents

an attenuation length in the solid with no surface present.

Thus, the probabllity that an electron escapes to the surface

is ziven by

_=X/L{E
plse/z'() (10)
The product of Egs. (9) and (10) gives the probable number of
electrons dn 1n energy range between E and E+dE which are

excited at a distance X from the surface and subsesquently

travel to the surface without loss of enerzy. The result is

dn(E,hv,x)dE = -a’(E,hv)Ft(hve'axe-x/b(t)dde (11)
Integration of Fq. (11) over x from O to « gives the number of

electrons n per unit energy range which are excited and which

arrive at the surface. The electrons which disappear due to

attenuatlon are assumed to be lost from the energy distribution.
The resulting expression is:

Qf(E,hV) 1 4E (12)

n{E,hv) = Fﬁ(hv) IR -
1+ aih\/;Lzﬂ

in which pO(E,hv)/?o(hv) = a'{E,hv) /alhv).

Equation (12) 1s now multiplied by the energy dependent

threshold function T(E) which takes into account the directional
dependence: of the escape probability for electrons arriving at
As mentloned previously, and es discussed in

the surface.

detall 1n Seecs. C2 and €3, the threshold function and the

- B4 o
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attenuation length are not actually independent. The result is

the expression for the energy distribution of photoemitted

electrons N(E) given by

N(E)dE = F_(hv)T(E) %_ L dE (13)

A a{hv)L{E)

The quantum yicld 1= determined by integrating Eq. (13)
over all energlec from the threshold to the photon energy
(referred to the top of the valence band) and dividing by

the incident photon flux Fi resulting in the expression

hv
;  N(E)dE
E.+E
Y(hv} = G_A
Fi(hv)
F hv
- T e : dE (14)
¥ Q
i Eﬁﬁg 1 + 1
¥ alhvIL(E

in which Ft/Fi = 1-R accounts for the fact that a fraction of
the photons are reflected. R 1s the reflection coefficlent.

The equatlons derived in this section for vield and the
energy distribution of photoemitted electrons are used to
derive methods of determining the deansity of states (Sec. D)
and to determine the effects of band bending and scattering
cn photoemission measurements (Sec. E). The results will be
used 1n the next chapter to aid in the interpretation of
photoemission data and to make calculations based on the derived
density of states,
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C. ABSORPTION COEFFICIENT, ATTENUATION LENGTH, AND THRESHOLD FUNCTION

1. Absorption Coeffliclent and Optical Conductivity

The absorptlon coefficient and optical conductivity of a
materlal are propertional at a fixed photon energy, as is shown
below. The Poynting vector § and the photon flux F are related

by the expressions

§ = hv.F
(15)
dS = hv.dF |
\
so that Eq. (5) may be rewritten as
(16)

B _qax
S

The average power absorbed in a slab of unit area and thickness
dx is by definition

a3 = - & oefax (17)

in which ¢ 18 the optical conductivity and € 1is the peak valie
of the sinusoidal electric flelid. The power incident on the

slab 1s glven by thes time average value of the Poynting vector as

S =

N |+

g'l(;- e° (18)

in which Zg is the impedance of free space and n is the real
part of the index of refraction, To derive Eq. (18) the electric
and magnetic flelds are assumed to be represented by thelr

magnitudes multiplied by the appropriate unit pclarization

6 -
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vectors and by a propagation term given by eiw(t'Nz/%) with
N = n-1k as the complex index of refraction, Substitution of
Egs. (17) and (18) into Eq. ’16) results in 2 relatlonship
beiween o and ¢ gilven by

o =0 i? (19)

The optical conductivity is determined quantum mecha-
nically by calculating the transition probabliity per unit time
pPer unlt volume between an initial and a flnal state and then
by summing over all combinations of states for which transitions
are allowed [Ref. 50]. The summation may be dore over states
in k space (if Bloch waves are used) or in energy space by the
approprlate transformation from & Space. For direct transitions,
the transition probabllity depends on the comblned density of
states [Ref. 50] 1n energy space and on a matplx element. (See
transition d in Fig. 28.) For indirect transitions such as
phonon-assisted trarsitions, the transition probabllity depends
on the product of the initlal and final d2nisity of states, and
on matrix elements connecting the inltial and final states
through a virtual state. (See transition 1 in Fig. 28.)
Other mechanisms such as polarization of the lattice [Ref. 513,
low hole mobility [Ref. 20, 21, and 22], or nonperiodic erystal
structure may exist for which the Bloch representation of the
electron 1s not the best representation. Then 1t is necessary
to take a summation of Block states to represent the elec'ron,
and the coupling vbetween electronie states can no longer depend

on conservatlion of a single value of &k vector. Under these
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¢circunstances, nondirect transi
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transition probabllity will depend on the product of the initial
and final densities of states in energy Sspace and or matrix
elements. (See transition n in Fig. 28.) The matrix element
includes the selection rules and other terms which determine
the magnlitude of the transition.

If the transition probabilities for a given photon
energy are of the same order of magnitude, then Eq. (19) may
be written as

K NC(E)NV(E—hv)

Z
o 1Y
a'(E,hv) = c’(E,hV);- =7 Ty (20]

in whieh o' and ¢' represent the contribution to the absorp-

Cion coefficient and to the ootieal conductivity from electrons
absorbed in a given final energy rarnge, and K contains all of

the physical constants, Equation (20) 1s used to calculate
optical conductivity for comparison with experimental values.

This serves as a check on the importance of nondirect transitions.

2. Attenuation Iength for Excited Edwobrons

An optically excited electron either moves throush the
solld at a constant energy level until it escapes, or it changes
energy. The energy changes can be grouped into two importent
categories: those processes in which the amount cf energy
change 18 small in comparison with the resolution of the experi-
ment such as phonon or impurity Scatterling, and those processes
in whilch the amount of erergy lost 1s significantly iarger than

the resolution of the experiment such as palr production. 1In
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palr preocduction, part of the energy of
band electron is given up by exciting a valence band election
to the conductlon band,with energy beinz cornserved.

The average distance traveled by an electron tefore
suffering 2 low loss collision is represenced here by a phonon
collislion mean free path Ep. The average distance travelled
by en electror before sufferirz a high eners
represented here by an eleciron mean fraee path 26. The atternua-
tion length L{E) represents the average net distance traveled
(in the x direction perpendicular to ar infinite piane source
of Infinitesimal thickness bvefore electrons originating iso-
troeplcally from the source suffer a high loss collision. The
way 1n which L{E) depends on both zp and {, 1s compllcated, and
has Dbeen studied by a number of people,

If no surface is present in the reglion of interest, age
th=ory (the theory of diffusion with ioss) [Ref. 521 may be used
to determine L(E). If a surface exists in the region of interest,
as 1n photoemission, age theory does not appiy exactly since the
total integrated distance traveled by an electron in the x direc-
tlon may be much longer than its attenuation length, lectrons
arriving at a surface may escape, or they may undergo specular
or diffuse reflection. Age theory ylelds & relation between

the parameters glven by

£ =
= e
L(E) = — L (21)
N3 /1 o+ ﬁe/.ip
According to this theory, L{E}) 1s preoportional to £e for




£.<<h s and to ~fﬁez’p for L>> 0y

98]

stuart, Wooten, and Spilcer [Ref. 53! have done an

M

extensive investization of the interrelation of mean free paths
and attenuation lenzgths by the Monte Carlo method for thin fllm

prhiotcemitters illuminated on the surface opposite the escape

s ;
riace

)]
oo

. They coneldered apecular and diffuse reflcciion

g

oa

o)

]
[41]
Ty

ately. Fi-ure 29 shows & typlical set of results from their
calculations. Thelir results indicate Lnat age theory predlcts
too small an attenuation length for small values of le and too
lar.z a value for large value of ze.

The electron-electron scattering rean Tree path in
metals has been related to the density o states in a simple
way by Berzlund [Ref. 2]. ~he mean fr-e path for scactering

due to pair productlion iIn a semliconductor can be treated in the

t
m

-
am

way if nondirect transitions are hizghly probable in the

ot

o
e}

cattering process. The relatlion between the attenuation length
and the absorpition length 18 important in determing the absolute
yield from Cd5. 1In additlon, the energy dependence of the

i
o3 ol o =1

attenuation lenzsth may cause significant structure to appear

[

n enerzy distributicn curves of semleconductors az shown in

3

“napters IV and V.

2. The Threshold Function

Optically exclted electrons which arrive at the surface
with an enerzy exceeding the vacuum level[(EG+EA) in Fiz. 27]
can escape if they are not reflected vack into the solid at
the interface. Fkeflection may be elther specular or diffuse.

The probablility that the electron will escape depends on 1ts
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direction of travel when 1t srrives at the s
and momentum must bo conserved in the process. These factors
can be combined into a threshold function T(E) which represents
an averase probabllilty that el :ctrons arriving at the surface
with enerzy E willl escape. The attenuation length and the
threshold function are interdependent but will be separated in
this work,

The Sommerreld model ylelds a threshold function of the
form

(22)

+
ey
L—
A
[
1
O
3
ek

in which p(E) represents the electron momentum normal to the
surface with a critical minimum value, pc(EA+EG}. The form of
thresholf function for a semiconductor is probably much more

compllicated since more detalls of the band structure and

4 A o o
lerring

=

crystal momentum must be included. For example,

!

[Ref. 54] has shown that reflectlions will be comparatively

*

for energy levels lying near a Brillouin zore edge. In

D

ar

(o

ok

1te of tnese difficulties, the above threshold furction, or

u
i)
m

fote

Ve

(4

a step threshold function will be used in Chapter IV to

some insizht into 1ts effect on the photoemissior process.

e

D. THE DENSITY OF STATES FROM ENERGY DISTRIBUTION CURVES

Enerzy distribution curves have been used [Ref. 48] %o

determine lmportant features of the density of states for

filled and empty energy levels in metals and semlconductors by

cbserving the change ir position of peaks as the photoen energy

SR a3
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is varled. These methods have heen used primarily to determine

the energzy levels of peaks and to determine the shape of peaks

[
L)
(4]

[
ot

ther the conductlon band or valence bang density of states

1o

g flat over a larze ranc ge of energles. If neither density of
States 1s flat over the rezion of enepsies which c¢an be observed

__D..L

in photoemission, the shape of the density of stat:

t’“ﬂ
h]
4]
g
sy
=y
6]
57
s
[
[

be determined by a method described in this section.
The location of peaks ir the densitles of states can be
determined as follcws. Peaks which appear in the energy distribu-

tions at a constant final energy satisfying the relation

E = const. (

)
)
L

independent of the photon energy can be assoclateqg with larze

densitles of states in the corduction band Peaks which satisfy

E = nv - const, (24)

as the photon energy 1is changed can be ass-ciated with iarge
densities of states in the valence tand. When the above rela-
tions are satisfied over a wide photon energy ranze, they
rovide evidence of predominantiy nondirect transitions, as
1liustrated in Fiz. 30, Peaks in the energy distributions

which appear and dlsappear or which do not satisfy either

(A%

Eq. (23) or Egq. (2%) over a wide range of photon energies can
cften be assoc’ated with direct transit tions. However, the

same types of behavior can cecur in semlconductors as 3 result
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of band bendinz or scatterins,

i

If nondireect transitions predominate, detalls of the

effective density of states may be determined. If Eq. (20)

is substituted into Eg. (13), the resulting expressior for

wm

the energy distribution of emitted electrons 1

=

N(E) = KET{E)ﬁc(Ejﬁvfg-hY) (25)

Ki is ar unknown constant which includes physical constants,
matrix elements that are assumed to be constant, and gzain
settings of the amplifier used %o record the energy distribu-
tlons. It is assumed that the term [1 + l/&(hv)L(E)}‘l

is approximately constant over the range of electron energies
involved in the measurement. Equation (25) shows that in a
mathematical sense the energy distributions represent the
individual members of s family of convolutions of the valence
band denslty of states with the conduction band density of
states. The effect of monochromatic photon ifllumirnation is
represented mathematlically by shifting the valence band den-

slty of states with respect to the conduction band density of

i

states by arn amount equal to the photon erner-y as shown in Flg. 30,

Under the assumption above, if optical excitation occurs
from a region of the valence tand density of states which 1s
constant over a large energy range to a conduction band el
then,

range with siznificant structure, in the corresponding

range of the enerzgy distribution, Hq. (25) reduces to

vy
i ]

N{

e
"o
O

St

txs

N (%;

) = KST(E)N,

Sregert
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Equation (26) indicates that the shape of the energzy distribution

i1s determined by the nrouduct of the threshold function and the

conductien band density of states. Similarly, if optical exci-

tation occurs from a valence band energy range with significant
gtructure to a reglon of the conduction band densiiy of siates

which is zconstant and which 1s far enough from the the threshold

that the threshold function 1s also constant, thern Eq. (25)

reduces to
N(E) = KN (E-hv) (27)

Equation (27) indlcates that the shape of the energy distribu-
tion 1s deftermlned by the valence band density of states.

If nelther denslty of states is constant over a large

energy range, the density of states nan s8tlll be determined

from the energy distributions. The area under an energy dis-

trivution curve 1s proportional to the yleld if the absorption

coefficlent g 1s constant as 1s shown by Eq. (14); therefore,

the measured energy distribution curves can be normalized

approximately by using the measured yield curve. If the e¢nergy

distribution curves in Filg. 30 are normalized, their amplitudes

a final energy El are given by

Al and B1 at
%
A, = K;T.N_ N
1 171 ¢ vg
and - (28)
By = K;T.N_ N
1 271 Cl V3 )

so that two polnts 1in the valence band density of states are

determined by the ratio B;/A; = N, /N . By proceeding in
3 2

- B7 o
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thls fashion the shape of the entire valerce band can be

CIEHITTTTTY

determined, The amplitude BE at energy E, = E. hvﬁ’hvg is
written as
= K Trir, i {2
By = K é\S?NVE (29)

20 that two points in the conduction band den sity of states

%

are determined by the ratio BE;AI = ToN, /T N 1; therefore,
the shape of the entire conduction band densitJ of states can

aleo bz determinec.

if L(E) is a significant function of electron enargy
-1

; the

sttt S SRR SRR OBt

term [1 + 1/a(hv)L{(E)]™" in Eg. (20) 1is no longer constant

over the entlire rarnge of electron energles. The normalization
procedure 1is valid, but the product relation applies only over
that portion of the range of final energles 1n which electrons
are nelther lost due to scattering nor gained due to either
secondary electrons or inelastically scattered primary electrons,
In this case, or if g iz a significant function of photon energy,
the multiplying constant Kl can no longer be determined. The
amplitudes of the two energy distribution curves in Fig. 30 at
energles Egs El, and EQ which are separated by an energy hv_-hv

B A
can be written a.

o]
i

K. T H N
O Ao cé v3

K. T.N N
1 A1 c1 VE

TENcﬁNvl i (30)

e
i

Ay = KA

B, = KBTINCIN

B, = K TN N
2822 J

V3
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in whicn KA and KB are unknown multipliers. The entire valence
band denslty of states can be found within an unknown constant
multiplier using one palr of energy distribution curves. The

ratios nghg and Blfﬁl are now glven by

BE/AQ = (KE’/KA} (NVE[/NVI) (318.)

BZ/AI = (KB/KA) (N,‘; Emvg) (3lb)

8o that qu can be found in terms of Nvl ard the unknown ratio
KB/KA thich 1s the same for all pailrs »of peints, by multiplying
Egs. (31a) by (31b). Division of Egs. (312) by (31b) determines
the shape of features in the valence pand density of states in

terms of a geometric mean ratio given by

B.A
g 1t 2 ,
NVINVQ - KB Nvg (32)

This ratlo should be the same regardless of the palr of energy
distribution curves from which 1t is obtained and can be used
to check the consistency of the assumed product relation. A
similar procedure iz used for the conduction band density of
states, except that it 1s not possible %o S8eparate the threshold
function T from the density of states function Nc'

Tiie methods described in this section will be used in
Chapter IV with the experimental results to determine de:alls

of the CdS5 density of states.
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E. THE EFFECT OF SAND BENDING ON PHOTOEMISSION
1. Survey
Band bending in semiconductors occurs as a result of
the requirement for overall charge neutrality in the material

in the presence of charged surface states, For bent banas,

="

the energy with respect to the Ferml level of a given initisl
or final quantum mechanlcal state depends on the distance from
the semlconductor surface at which the abserption ftakes piace.
Optical properties which depend only on the sepa ration bLeziween
gquantum mechanical states such as optical absorption, optics]
conductivity and reflection are not changed ss a result of
band bending. However, some characteristice of photoemlszion
depend both on the separation between energy levels and on the

electron energy referred to the Ferml level. Yleld near the

3

threshold and enerzy distribution curves over the whole rangs

of photoemission measurements in several different ways

w

Spicer [Refs. 41 and 42] has considered photoemission from

defect levels and the effect of band bendinz on quantum yield.

Ue also considered the impurity concentrations which would be
required to produce observable effects from band bending. Van
Laar and Scheer [Refs. 43, 44, and 45], Gobell and Aller [Ref. 46 |
and Redfield [Ref. 47] have discussed tne effect of band tending

on the apparent threshold of photoemission. Band berding is
]

only one of many possible effects which can modify tne shape
of the yleld curve near the threshoi This alsoc depends on
- 70 -



the type of transitions (direct or indirect, allowed or unallowed)
occurring near the threshold, the presence of defect levels from
which photoelectrons may be excited, patchy surfaces, and on the
extent to whilch pheonon or impurity scattering modifies the escape
conditions,

Measurement of the energy distribution of photoemitted
electrons from semiconductors has been used by Spicer [Ref. 40]

and others to obtain information about band structure, optical

transitions, and scattering processes. Each point on an energy
distributlon curve represents a single final energy 1in the
vacuum, which corresponds to a single optical transition in

the absence of band bending and scattering. Most of the infor-

SO R et i

mation in an energy disfributicn curve appears in an energy
range far from the threshold. An understanding of the effect of
band bending nn energy distr'hution curves is necessgary to aid
in corrcct interpretation of the energy distribution curves
obtained from semlconductors. (-nversely, once these effects
are well understood, energy distribution curves may be used to
investigate band bending.

Before band bending is considered in detail, it should
also be mentloned that the discontinuity of bonds at cvhe surface
may 1introduce new allowed snergy levels from which photoemission
can occur. This source of distortion 1s expected tc bhe small,
since the surface extends over a thickness of a few Angstroms
43 compared with the absorption deptihs which usually exceed
100 . The density of surface states 1s also small [Ref. 55]
compared with the density of states in the volume. Therefore,

o T o
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fraction c¢f the total, Even 1If such photcemissien is observabje,
1t will app=ar in localized reglons of the eraprgy distritution
curve and, therefore, can be distinguished from the eifects cf

(%

band bending.

resulting effect on quantum gificiency near

the
been discussed by van Laap and Scheer {Refs, 432, 44, and 451

L]

and
Spicer {Refs. 41 ang 421, The energy distributions for surfaces

wWith bent bands wiil be different from those for surfaces with

unbent bands at the same photon energy. The mathematical rela-
tlonship between the two types of energy distributions 1s detepr-

mined as follows. First, a bending distribution furction is

used to determine the enec rgy distribution in the vacuum. of

elecirons excited to the aape final quarntum nechanical statre

Jacuun 1s determined bv adding the contribution rom each of
¥ 24

2. The Bending Dist ributicr Functicn

rag for z semicornductor with he-t

referred to the top of the valerce bang (corresponding to
identical quantum s states}, and let E represent the energy level
referred to the op of the valernce band far Irom tre surface

,«-...‘

.corresponding to a fixed ernergy level wilth respect to the

=
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Ferml level}. The illuminaticn 1s assumed to b= weak, so that

the position of the Fermi lsvel remains unchanged after 11lu-

bt

mination. For agiven photon energy, the matrix element connecting

ot
o
o
g
iy

the initial staie Ei

independent of the distance from the surface at which the

final state E' 1s assumed to be

transitlion cccurs. This assumptlon may not be valid if the
fleld due to band bending is gufficlently large.

The bending distribuaticon fanctleon determines the distrl-
bution of energlec 1in vacuo of electrons which are excited at
different distances from the surface inside the solid to lden-
tical final quantum states. The detalls >f the iden ical bending
distribution function depend on th= potentlial as a funeticn of
distance in the material for a given quantum state, Many con-
cluslons can be made aboubt the bendlng distribution function

wlthout a detallied knowledze of the band shape. The band shape

as a function of distance in the material de pends on the mecha-
nisms which neutralize surface char rge Dousranis and Duncan

")

[Ref. 56] have calculated the band shape for several specific

"

As the escaping electron travels toward the surfa ce,

ot

its energy E wlth respect tc tne Ferml level remains constart

in the absence of scaz‘tering; however, 1ts probability of

scattering 1s determined by the energy E' which in turn depends

on the distance between the electron and the surface, if the

bands are bent. Therefore, an aveérage attenuation length must

‘\

rag

L'

De used. 1In the following discussion, av att

@
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lengths, L(E) and L(E'), will be assumed. 5ince in this tpect-
ment E and E' are almost indentlical, these attenuetion lengths
can be used Interchangeably except in a few limited energy
ranges where the scattering probabllity changes rapidly with a
change in E or E'. Equati.n (11) with E' substituted for Ik,
Since transitlon probabilities are determined by E', gives the
probable number of electrons dn in the energy range between E!
and E'+dE! whilch are exclted at a distanze x from che surface
and which subsequently escape to the surface without losing
energy. After substitution of E' and g(£',hv) = a(hv) + 1/L(E')

Eq. (11) vecomes

dn(E*,hv,x’.‘ = *a'(E',hV)Ft(hV)e-ﬁ(E"hv)xdx (33)

Integraticn of Eq. (33) over all x, holding E' fixed, results in
an expression similar to Eq. (12) for the number of electrons
per unit energy range excited to a final energy level E' glven

by ,
a'(Ef,hv)F (bv)
I‘I(E',hV,X) == (31‘)
B(E',hv)

Substitution of Eq. (34) 1in E3. (33) results in the relation
dn{E',hv,x) = -8(E',hv)n(E",hv)e P¥ax (35)

In Eq. (35) x depends on the energy difference AE = E-E! through

the functional relation

x = x(AE) (36)
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Substltution of Egs, (36} and (37) in Ea. {35) gives
- R hf -0 5\;_' i Y a—éx i\r“
dﬁ(E,AE,n‘P‘; ~ H\E Llu,xxi\liﬁ‘ﬁ,hr)» d{\é‘,ﬁx} (:.:8)
la(aE) | '
| dx

ir whileh E and AE are used in place of E' and x to specify the
location of the differential element, and B(E',hv} is replaced

la "]

L9 [’_"i ‘—' 7
by B{E,hv) since L(E') = L(E) for reasons previocusly discussed.

-t

A bendinz distribution function is defined by separating
. {38) intc two parts. The first part represents the number
of electrons per unit energy range wnich are available for

photocemigsion from a palr of quantum states with final erergy
E' = E-AE in the absence of band beading. The second part
representy the fraction of electrons per unlt energy range due
Lo the above transition which have their final energy shifted
to energy E as a result of tand bendling, and is called the

3

bending distribution function, given by

(39)

Equatlion (32) may then be written as follows

dn{AE,E,hv) = g(AE,E,hvn E-AE,hv )d{AE) {40)




3. The Energy Distribution Curve with Band Bending
The energy distribution with band bending 1s related

to the energy distribution without band bending through the
pending distribution function by multiplying Eq. (40) by a
threshold function and then integrating over all AE resulting

in the expressicn

nB(E,hv} = ?EmB(éE,E,hv)n(E-AE,hv)T(E)d(AE) (41)

L ¥

o

Figurz 32 shows the relationship between hypothetical energy
distribution curves without (solid) ard with (dotted) band
bending. The threshold function 1s omitted for clarity. Note
that the bending distribution function is a funection of E.
Equation (%1) can be used to calculate energy distributions
with band bending,.from specific unbent energy distributions.
In zgeneral 1t 1s more useful to understand the relationship

betwezen the energy distributions based on the properties of

the pendling distribution function as discussed in the following

parazgraph.

4, Quantitative Estimates of the Effects of Band Bending

R

Ly

¢n: Energy Distribution Curves

i it

t

Three principal effects of band bending on the energy
distribution curve are discussed. First, peaks appearing in
an energy distripution curve for unbent bands havz thelr
absolute energy level shilfted as a result of band bending,
whereas the spacing between peaks 1s no! greatly affected ry

vand bending (see Flg. 32). The amount of shift can be

T
- {; -
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stimated by calculating the mean value of the vendling distribu
tion funcilon ziven by Eq. {39). 3econd, band bendinz causes
the peaks to broaden by an amount which can be estimated by

determining the standard deviatlion of the bendlng distritution

function. Third, the surface states which produce band tendln

0

may also cause a change in the electron affinity of the material,

resulting in a different thresunold function. The magnitudes of

ot

he Pirst two of these effects, which are estimated from the

bending distribution function, are determined fer the speclal

cases of an exponential-potentlal-versus-distance relation and

s linear potential versus distance relation. The resuits differ
only in a minor way from similar results which have been calcu-
lated using a more exact band shape for a specific case from

the data of Dousmanis and Duncan [Ref. 56].

a. Exponential PotentiJi~-Versus-Distance Relation

For exponential bands the btand shape as a functlion

of distance from the surface 1s given by

AE = (E-E') = AE ™% (42)

in which 1/y 1s the characteristic length for band vending 1in

aRny

)

the material. The bending distribution lunction calculated
L=

s

from Eqs. (39) and (42) 1is given by

s

. faf-};),l
: alm AR hul = —m ?;'A“")\'; B2t
; B(r-';ﬁm'yh"} = 'ﬁﬁm 'Y('&v'n (43}

and is plotted in Fig. 33 for several different values of the

parameter 8/y. For 8/y¢1l the function goes to infinity at
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USE OF THE BENDING DISTRIBUTION P CTION TO
ENERGY DISTRIBUTIONS FOR BENT AND FLAT BANDS.
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AE = O; however, the area under the curve as AE—O is finlite
so “hat its contribution to the energy distritaitloen curve
1th band bending is also finilte.

With band bending, the average shift in energy of
electrons that are emitted from identical final quantum utates
is calculated from the distribution fur.ction of Eq. (43). The
result 1=

T\ - ,__—_ysif
Qi? = 8B, 1 +vy/8 (44)

as plotted in kig. 34%. Note that B is & function of E and hv,
while vy 1s dependent only on the nature of the band bending

as car be seen from Eq. (42). The position of a peak as a
function of photon energy in the presence of band bending
depends on the parameter /B as well as on the factors dis-
cussed in Sec. D. The change 1in (&E) corresponding to a glven

percentage change in y/B is gliven by the relation

y a((ag)) 2 (v/B)  (AE)(AE,-(AE))

‘ — = > = , {(45)
e dalyv/B)  (1+/B) AE,
This relation is plotted in Fig. 34b as a function of AE /JAE

iix

The parameter {(AE)is related to y/p through Fig. 34%a. A change
in v/8 will cause the largest change of (AE) for y/B = 1.

The standard deviation of AE 1s determined from

. AE, (LE)/AF.)

B2l NP 242 . ( m) ((ﬁ*>z m L

i{&i\s’--i) ) - (fiﬁ> ] = &Em i = o 52 ((é‘g»/éj?} (46)
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which is plotted in Fig., 3%c. Thiz indlcates that the maximunm
loss of resolution due to band bending occurs fav 7y = A and
has a value of 0.6 AEm which is defined here as twlce the
deviation.
b. Linear Potential -Versus-Distance Relatlon

If no net charge is avallable %o neutrallze the
surface charge in the reglon from which photoemission can
oceur, the field & 18 constant and the potentlial 1s a llnear

function of distance given by

AE = Eg - F' = €x (47)

as shown in Fig. 35. This situation can exist 1n a material
which 1s 1lightly doped, or 1t can occur 1f measurements are
made at a photon energy for which the combined characteristic
length for absorption and escepe 1/ 1s small. Here, the
reference energy 1s taken as the energy level &t the surtace
Es since the corresponding potential far from the surface

cannot be apecified. The bending distribution function 1is

B(AE,E_,hv) = (48)

and has a mean value and a stazndard deviatlon of
-
(tE) = e/p (492)

1

(((a8)2)Y - (aE)?1"

li

e/B (49b)

respectively. The bending distribution functlon 1is plotted

- 82 .




8 (4E,E)
N .

< AE

FIG. 35. ENERGY VERSUS DISTANCE DIAGRAM AND THE
CORRESPONDING BENDING DISTRIBUTION FUNCTION FOR
THE CASE OF A CONSTANT ELECTRIC FIELD,
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in Filg. 35, and shows that electrons which are exclted to a

ginzgle final quantum state appear in an exponential distribution

the surface charse

™
I
m ‘ w0
oy
W
-

in which € 1is the dlelectri¢ constant of the materizl and g
ig the electronic chargze. Eguations (42) and (50) are comblned

into the rele ion
g - 8l (51)

to estimate the curface charge required Lo produce an observ-
able effect due to band bending. A typleal example for £4S
is gilven using 2 minimum observable value of AE of 0.1 eV,

a relative dielectric constant of 11.6 and a typl.ai charac-

g

teristic length 1/8 of 100 . The reguired surface charge 1s

pe cm2 wlth a corresponding field of 103 v

oy

(WS

N, = 6.4 x 10"

3

<

per cm,
No ronciusive evidence of band ' dinz was found

in the nhotoemlssion measurements on Cd3 alfnocugh some effects

¢]

may be present. On the basis of the above discussion, 1t 1

7

possible that band bending could contribute a rmaximum of about

0.1 eV reduction in resclucion and a max

e
kh
2
[
=
i
oy
[
Las}
fid
[N
w3
o]
(1
W]
e

T oy ie X A 2N T 17 - % .y # - - S5 % STy e by
iocation of +£03,1 eV, Zirnce thne resgolunticon of the measurementis
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aks in the energy distributlons are
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expected in this case as a result of band bendingz,
¢. OSpeclial Potential -Versus-Distance Relation
Bending distribution functions have been determined
grapnically from the data of Dousmanis and Duncan for a surface
potential of 0.5 v and a bulk potential of -0.44 v referred to
the Fermi level for intrinsic material. The strong similarity

between these distrivution functions which are shown in ®ig. 36

and the distribution functions for e..pornential bands si .wn
in Fig. 33 indicates that the general features of band tanding

egre well reprecented by the assumptlion of exponential bands.

X ELECTRON-ELECTRON SCATTERING ON PHOTOEMISSION
! SEMICONDUCTORS

i£!
o |
bxd
4-:1
"]

Eieectron-clectron scattering resulting in palir production
can distort energy distritution curves in photoemission from
semiconductors. Berglund [Ref. 32] has developed an approxi-

mate theory for electron-electron seattering in metals which

ot

tered elextrons. This theory 's based on

¢
[h]
)]
T

congliders once sc
the assumption that the mean free path for inelastic scattering
is mueh shorter than the absorption leng which is in turn

much shorter than the mean free path for elastic scattering.

[

L + R P . . o o $ 3 F o
ine theory also assumes that the s

attering is the result of
& short range screer :d coulomb interaction. Experimental
evidence from photoemlssion curves on CdS indicates tnat many

features of the abo

«:“..

€ theory may apply to semlconductors,

The energy levels involved in this type of scattering =svent

o,
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are shown 1n Figz. 3I7. An eslisctron in the conduction band

with energy E! scatfers to energy £ by exclting an electiron

m

in the valence band with energy E  to an energy E, + (B -

E)

o that enerzy is conserved. 1%t 1s assumed that conservatlon

|4/]

o
m

k 1s not required in the transitions. Each of the

M

i 4
Lransi

UJ

tions 1s assumed to occur with a probatility density propor-
tional to the product of the densltles of states. Thus tne

probabllity per unit time p. (E',E) of scattering from an energy

=

11

=t to an ensrgy E is glven by

-

pS(E',E) = KSQQ(E)xV(EO)NC(EO+E'-E)dEo {52)

with the total probability per unlt time of scattering from

eneprgy E' glven by

ey
th
oy
L=
Horppeett
1]
o)
42}
P
tx1
-
tx1
Horppet?
s da
¥l
n——
(W4}
L)
p—l

0
The scattering mean free path {_{(E'} 1is then found by using
the relation
g E 0y = ¥V {511/ % =
£ (E") = V (E")r(E") = V (B} /P (E") (54)
and the energy distribution of photoemitited electrons becomes

nv (5
; pg(E',E) ]
» i ™ () S i INg i { 3
N(E) = K, — |a'(E) + c\ gy o' (Er)aer - (55)
a + = pet ‘&t !
(= E A

where ¥; 1s an unknown constant. The attenuation length L{E)
may vecome an important facter in determining the shape of the

energy distributions at high electron energies. Therefore, the

- 86 -
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CONDUCTION P E
BAND Al
g4
]
boog goeee
L i PN
t
FORBIDDEN y
BAND '
% —~r InE Sk wta =3y ™A Aam
\ FIG. 37. ENERGY LEVEL DIAGRAM FOR
\ ELECTRON-ELECTRON SCATTERING AND
ALENCE \\/ ?HIR ’:“RODUCTIO; IN A SEMICON-
BAND £y DUCTOR.




T

TN

(O

"I

Qe

st 2o

£

1
alhv) + égéy

o~
W

™
-

must be included explieitiy in the energy distribution. The
gependence of L{E) on £_(E) haz been discussed in 3Sec. C2.

From the results of age theory, one can conclude that ¢
dependence lies somewhere between L{E) « ze(z) and L{(E} = v (E).

Assuming the linear dependence and constant group veloclty, the

first term in the energy distribution can be written approni-
(=N,

mately as
1 1 (57
NP W S 57)
a K.P {EP} ’
1 4 25
a

is an unknown constant. The term in the energy
tion equation given by Eq. (57) takes into account the
losas of high energy electrons due to 1nelastic scatterlng as
shown in Chapter IV, Sec. I.

The energy distribvution of inelastically scattered and

347

sceondary electrons is taken into account by the second term

\m

in the brackets in Eg. {55). 7T..is term represents the genera-

tion of energy for once scattered electrons

ot
[
Q
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"y
[A¥]
-t
(0
iy
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i
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and secondary electrong in the solid. The rscape conditions
in the presence of combined elastic and lnelastle scattering

are not well understood. In Chaprer IV, Sec.I, thic generation

term 1s used to ectimate the energy distributlion of electrons
ue to 1lnelastic scatlering.
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V. EXPERIMENTAL RESULTS OF PHOTOEMISSION FROM CdS
INTERPRETED IN TERMS OF BULK FROPERTIES

A. TEST SAMPLES AND PROCEDURES
The electrical and chemical properties of CdS samples from
witlch photoemisslon measurements have been made are listed in

Table I. The lers of the samples are also indicated.

[ =]

i
[

PP

The samples are divided into categories according to the sur-

Tace preparation, and are designated by the following symbols:

¢

¥C fcr samples cleaved and measured in high vacuum (10‘9 torr);

ol
f S

~Y om

2} T for samples cleaved in alr, sealed in a glass tube, out-
zassed by baking for about eight hours at I&GOC, and sealed coff
3t 3 pressure of approximately 10'8 torr; 3) AC for samples
cleavad In alr and immedlately tested in low vacuum (HE atmosphere
£ 1077 torr); and 4) LVC for the sample which was cleaved and
tested in a low vacuum (EQ atmosphere of 10'4 torr).

The primary purpose of this chapter 1s to interpret the pho-
toemission in terms of the band structure, the optical properties,

and the other mschant

[}
i

3ms 1nvolved in bulk photoemission from CdsS.

-
=
M
s
=
s
bty
[ge)
3
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[

inn the photoemission results obtained by the
various technigues used in preparing the CdS surfaces, although
they are largze, can be attributed tce physical and chemical changzes
near the surface that do not obscure the maln features of the bulk
photoemission properties. The princinal changes are 1) reduc-
tlon in the electron affinity, attributable to chemical changes

at the surface, and 2) change in the relative amplitude of peaks

in energy distributions taken at the same photon energy,

- 89 -
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atocributable to increased scattering due to adsorbed zas (see
Chapter V). After photoemission from the high vac um cleaved

samples was measured, the samples were eXposed to various
gaseous environments and heat cycles. Phnotoemlssion measure-
ments which were made on the samples after the vacuum was
reastored can be used to determins the cffect of surface treat-
ment on photcemission from CdS. These surface effects are

discussed in detaill in Chapter V.

TABLE 1. DATA ON Cd4S TEST SAMPLES
Supplier Reslstivity Impurities Cleavage
(Q-cm) Plane
VC1l Harshaw 2 pure* 1210
V(2 Harshaw 2 pure* 1210
VC3 Harshaw 2 pure* 1219
VC4 Harshaw 08 {dark) 3 comp. 121¢
Tl Eazgle Picher 0.1 .005¢ Inc 3 U**( i to e}
T2 Eagle Picher 0.1 .005% InCi, ys+#{ | %o cﬂ
T3 Harshaw 2 pure* 1010
C1 Eagle Picher 0.1 .005% InClg u=*( |, 1o ¢}
ACZ Harshaw 2 pure* 1010
AC3 Harshaw 2 pure* 1210
IVC1 Harshaw 108 (dark) S comp. 1210

* Less than 1 ppm Al, Cu, Fe, 51, Li, Na, Ca; 5C ppmAén
*# 1] means unknown.
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THE MEASURED ENERGY DISTRIBUTION OF PHOTOEMITTED ELECTRONS

W

1. Introduction

Energy distributlon curves are presented in thils sec-
tion and zre used to establlsh the absolute energy o maxima
in the conduction and valence band densitlies of states, Detalls
f the density of states functlions are described in a later
gsectlon,

5

2. Determination of the Absolute Energy Scale

The abscissa on the measured energy distribution curves

™

presented later is the energ: By of the electron referred to
the collector. This energy in electron volts is equal to the
applied retarding potentlal, and 1ts value relative to the
energy in the sclid depends on the emltter and the collector
work functions (see Flg. 25). The enerzy of the electron with
respect to the top of the valence band 1s represented by E.
This energy is 1independent of the work functions.

Tne energies E and Eb are related by either of the

equations
- E = & =
E - E n t Ep (58a)
and
£ = E = { El . - g
£o- By o= (EpHEg) + (0 -0) (58b)

(see Figz. 25 in Chapter I[IFk4, and Fig. 38). The energy at
the Ferml level EF 1= referred to the top of the valence band.
The magnitudes of the electron affinity and of the band gap

are given vy E,

!
LA}

and EF respectively, and the emlitter and
v
collector work functions are given by @S and ¢m respectively.

. The energy difference E-E,, 1s difficult to determine

~ G o
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FId, 38. ABRSOLUTE ENERGY SCALES FOR PHOTOEMISSION FROM
SEMICONDUCTORS, Ep 1s the energy referred to the

collector, E 1s the energy referred to the maximum
valence band energy.
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difference 1s found between the energy scale shifts determined

by the two methods, this indicates the presence of band

3. High-Vacuum-Cleaved (VC) CdS

Energy distribution curves have been mesasured on the
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visible illumination &

the measurements. Encrzo

i

the above samples at

o

givern photon energy are substantially

=D 4
the same. No time variation in the shape of the curves was
nocted within several davys aftsr cleaving. The first curve

Oon each sample was measured within three to five mirutes

after the sample was cleaved.

-

A typlcal complete set of eneprgy distribution curves

=

1s presented for CdS sample VC-2 in Flzs. 8a-f. The ares

under these curves has not been adjusted to be proportional

to yleld (normalized to yi=zid). They were measured withrin

one hour after the sample waz cleaved.

The energy difference E-E, determined as described

<
3
[ b
&
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1n Sec. B2 1s estimated to be 6.85:0.2 eV for the vacuum

cleaved sample under zonsideration. The energy scales for
E and E, are shown in Fig. 38,
A peak appears Iin the energy distributions of Fig. 39

which satisfles the relation [see Eq. (23)]

- (59)

E = 8.2 eV /

independent of photon energy. The peak at E = 8.2 eV can be

assoclated with a maximum in the conduction band density of

states located 8.2+0.2 eV above the top of the valence band.
The energy distribution curves for VC2 are plotted as

a function of(Eb-hv) in Fig. 40 for photon energies from

9.8 to 11.6 eV. A peak appears in these cupves at -8.05 eV

independent of photon energy. This peak satisfies the

relatlon [see Eq. (24)]

hyv - 8,05 ev

tx
o
n

E=hv =1.2 eV

D

rn

)
A
7

and can be associated with a Ri-h densgity of =+-+%
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1.2+0.2 eV below the top of the valence band.

3. Low-Vacuum-Cleaved (LVC) CdS

ion curves measured on

o

U

C‘J

l
_L

pote

C‘T‘

Energy dils

[0

n Table 1 are plotted

[

is

[
ct

cleaved (ILVC) CdS ed
anua 42 for photon energlesg between 8 and 10.2 eV. The snergy

shift in goinz from the solid into the vacuum i1s now =stimated

E-E, = 5.8 V. Peaks appear in

! (61a)
E = 6.7 eV -
and
E},‘x = 2-}"‘ E‘fv
1 {61b)

Lx)
i
o0
o
4¥
<

These peaks can be ascoclated wlith the peaks in the

band density of states at 6.7:+0.2 eV and 8.2:0.2 eV,

absolute enerzlies of the peaks were assigned by comparing
this data with the data for the vacuum cleaved sample

affinity 1s estimated to be 3.8+0.4 eV. The long

0

lectron
veen explained., Most ¢f

Y\

o

~
i

of low energy electrons has

)...\'
o

a

ot

resclution (Chapter I1IF3

r

the factors which contribute to lack of
this regicr of the

<

and Ref. 32) have the largest effect in
erzy distributlion curve.

For photon encrgles above 10.2 eV a2 peak appears in

N

ik?

f)

the energy distributlon curves which satisfies the reiatic
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FIG. 41. ENERGY DISTRIBUTIONS FROM LOW-
VACUUM-CLEAVED Cd4S. (hv = 8.0, 8.4,

8.8, and 9.2 ev.)
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as shown by the arrows in Figs. 4

400

and 4%, This peak can be
assoclated with the valence band peak located 1,2:C.2 eV below
the top of fthe valerce band. The amplitude of this pesak
diminishes zraduzlly at higher ph.otor energles up fo 14
a3 a result of scattering and a decrease in the cor
band density of states.

The LVC energy distribution at 21.2 eV 1s shown in
Fiz. 45, A peak appears in this curve at an enesrgy Eb = 6.0 eV.
On the basis of reflection [Ref. 7] and other photoemission
data, this peak 1s belleved to be associated with the valence

band. If so, 1t must satlisfy the relation

e
W

o
-

hv - 15.2 eV

tx]
I
w—
Oy
LAt

= hv - 9.4 eV

to be consistent with the other IVC data; it must, therefore,
pe located -9.4 eV below the top of the valence band. It 1is
not possible to follow the movement of this peak cver a wide
range of photon enerzies fo confirm 1its origin in the vaience
pand. However, the following evidence indicates that fhe peak
is probably assocliated with the valence band. The valence
band peak at E = -1.2 eV 18 exclited to the same flinal energy

level (Eb = 6.0 eV) at a photor energy of 13.0 eV, and the
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correspording energy distribution is plotted in Flg. 45 for

comparison. From this it can be seen that = peak appearing

at thi;

]

final energy 1is not complstely obscured by scattering.
Figzure 44 aliso indicates that ther 18 no marked rise in
excltatlons as the valence band peak E = -1.2 eV sweeps
through the electron energy By = 0.0 eV, indicating that
there 18 no peak in the conduction band density of states

o

Y]

this energy level.
Further evidence that the peak 1is in fact associated

with a maximum in the valence band appears in the LVC energ

~3

distribution at 16.8 eV shown in Fig. 46, From Eq. (63) for
hv = 16.8 eV, the peak must appear at E, = 1.6 eV as indicated
by the arrow labeled VB (-G.4) in Fig. 46. This enerzy iles
between the peaks located by Egs. (60) and (61) at E, = 0.9
and 2.4 eV. Reference to the energy distribution curves in
Figs. 43-46 indica that the ratlo of the lower energy

peak to the nigher energy peak increases for photon energiles
from 12 to 14.2 eV. Extrapolating to 16.8 eV, the ratic

should be about 2 to 1. At hv = 2i.2 eV (Fig. 45) the ratio

increases to 2.5 to 1. In Fig. 46 the pea

x
)
o
e
1
na
-
m4
-

indicated by the arrow labeled CB (8.2) has essentially dis-
appeared as compared with 1ts strength in the 14.8 eV ecurve,
instead, a shoulder appears in the curve between Eb = 1.5 and
2.0 eV. Thls shoulder 1s believed to be caused by excltaticn

from the maximum in the valence ba located st

!
I
]

O
=

)

If The excitatlon from the valence band were rot present for
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e

hy = 16.8 ¢V, the estimated energy distribution would be as
shown by the dotted line. Thls estimate is qualltative and
18 intended to show the paslis of the argument.

A peak in yield near nv = 16.8 eV (see Sec. G) provides

further evidence of coupling between m xima in the conduction

and valence bands. However, this rise in yleid could also be
attributed to secondary emisslon.

5. (dS Sealed Tubes (T)

Previously reported pnotcemission measurements [Ref. 571
used %o determine the band structure of Cd3 were made on samples

mounted in sealed phototubes. The results agree substantlally

with the results reported here. Minor differences appear 1n .

the absolute energy level of peaks. The curves differ 1in shape

TR

from the equivalent VC and LVC curves as a result of the change
in electron affinity and a difference in impurity scattering
(see Chapter V). Some of the energy distributlons are shown

. in Fiz., 47a and 47b.

6. Alr-Cleaved (AC) CdS

| Detalled information about band structure was not

. obtained from the results of pnotoemission measurements on

air cleaved CdS tested in iow vacuum. The distortlion in the

it

energy distribution curves whlch obscured details 1s attributed

primarily to impurity scattering. 3Band bending may be a con-
.~ tributing factor, although its effects are expected to be
small due to the small optical absorption length, The resuits

of these measurements are includ2d in Chapter V.
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& THE MEASURED BAND STRUCTURE OF CdS COMPARED WITH
REFLECTION DATA

Although the absolute energy of marima 1n the conduction

and valence band aensities of states of CdS can be determined

from photoemission measurements, excitation to energy levels

lying below the vacuum level cannot be measured directly.

AT 0

Reflection or optical absorption data can be used to determire

the separation between coupled energy levels. Coupling to

energy levels below the vacuum level can be directly observed

only 1in reflection or absorption since the exclted electrons

cannot excape into vacuum. By comparing both types of data,

a general understanding of the band structure can be obtained.
Optlcal conductivity 1s related to absorption by the

eXpression
in which w/2r 1s the frequency of the incident radiation, g

1s the real part of the index of refraction and k = ar /i

represents the absorption. The reflection is related to g

and k by the relation

2.2
+Kk" -1 :
R = 3§‘i¢i,. 65
n°+k<+1 (65)

From Eq. (64) 1t can be seen that sz peak in conductivity
A peak in Kk has a

HEHARIE]

causes a peak in absorption throuzh k.

iarger effect on the numerator than on the denominator of

EHENT

Eq. (65). Therefore, a peak in absorption will cause a peak

in reflecticon 1in the first order approy ‘mation.

In the range
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of photon energles of interest teoih 7 and k hav

[N

values of

o

the order of unity. The Kramers-Krdnigz analysls can be used
to determine n and k from reflection data if they are Known
over a wide ranze of photon energies.

Flgure 48 shows the energy levels of maxima in the
density of states (solid lines) determined directly from
photoemission measurements on vacuum cleaved CdS. Peaks 1n
the reflection should occur when hv 18 equai to the energy
difference between denslity of states maxima and the valence
and conduction bands. On this basis, peaks in reflection at
7.9 and 9.4 eV have heen predicted. Figure 49 shows reflec-
tion data of Walker and Osantowski {[Ref. 7]} and of Cardona
[Ref. 5]. Arrows indicate the energy levels at which these
peaks were predicted from the photoemission data, The
comblined use of photoemission and reflection data makes 1t
posslible to establish the absolute energy level of additional
structure in the density of states. The peak in reflection
at 5.6 eV is assoclated with transitions from the valence band
at -1.2 eV. The corresponding conduction band state 1is at
L. 4 eV. The three peaks in reflection at high photon energles
are separated in energy by about the same amount as the three
peaks at lower photon energies. This can be explained in
terms of 2 second maximum in the valence band density of
states locate at -9.4 eV with respect to the top of the
valence bar.u. These peaks are shown by dotted lines in Fig. 48.

Comprehensive photoemission data on CdS estabilsh the

density of states as follews. Valence band peaks are located
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at =1.2 and -9.4 eV referred to the valence band maximur.
Conduction band peaks are located at 6.7 and 8.2 eV referred
to the same level. The location of the conduction band peak
at 4.4 eV 1s established using both photoemission and reflec-
tion data. A4s will be shown later, additional evidence for
the locatlon and strength of this peak can be obtained from
the yleld curve and from consideration of scattering of
energetlic electrons. The six peaks predicted using photo-

emlsslon and reflection data are indicated by arrows in Fig. 49.

D. THE CALCULATED BAND STRUCTURE OF (dS

The band structures of CdS and ZnS have been calculated
by Herman and Skillman [Ref. 1] who used an OPW method
without considering spin-orbit splitting. The results for
Zn3 are shown in Fig. 50. (The CdS results were very similar
So that they were not published [Ref. 58].) Even though these
band structure calculations were preliminary, considerable
reliance can be placed on general features. The calculations
indlcated three flat bands which were located approximately
2, 6, and 10 eV above the conduction band minimum, and narrow
valence bands with a maximum density of states occurring about
2 and 8 eV below the valence band edge. The features of the
band structure found 1n this work are in general agreement

with the calculated band structure.

E. DETAILS OF THE DENSITY OF STATES OF CdS

The density of states of CdS has been determined by using
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the methods of Chapter IIID, and by assumlng that direct
conservation of kK vector is nct an important selectlon rule.
Because of the assumptlons, the results should er:ly be con-
sldered as a first approximation to the actusl density of
States. The method does not explicitly include the effects

of inelastic scattering, loss of resolution or of direct
transitlons. It may be possible to detect these phenomena

as a resuiv of Inconsistencies 1n the density of states derived
from different portions of the data.

The best evidence concerning the magnitudes of the densitles
of states 1s obtalned from the results on high-vacuum-cleaved
CdS. The energy distribution curves (VC) were measured at
photon energy intervals of 0.2 eV. The method described in
Eqs. (30)and (31) has becn used to determine the conduction
band denslty of states with the threshold function included,
and the valence band density of states. The unknown ratloc
KB/KA in Eq. (31) 1s determined by normalizing the energy
distributions %o yleld, and so depends on the uncertainty 1n
yield. The ratio has a value close to one. Since 1t 18 =z
multiplylng factor for the ratlo of state densitles separated
by energy AE, the ratio of state densities separated by nAE
will include the factor (KB/KA)H. Only one conduction band
peak can be observed directly in the VC curves. Two conduc-
tlon band peaks can be seen in the IVC curves and thelr rela-
tlve amplitudes can be estimated from this datz since scattering

does not appear to be important in the range of final erergies
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at which they appear {(to E = § eV). The detalls of the con-
duction band peak located below the vacuum level are deter-
mined indirectly from vleld and os:iczl conductivity. The
densitv of states derived for CdS is shown in Fig. 51.

The maxima in che density of states used to calculate
yleld and optical conductlvity might T2 expected to be
sharper than those calculated directly from the energy dis-
tributions. The broadening of peaks in the energy disiribu-
tion can be caused by several factors. Optlcal or acoustlcal
phonon scattering can contribute [Refs. 42 and 59]. As shown
in Chapter IIIE, band kending can cause broadening of structure.
A small amount of broadening estimated to be between 0.1 and
0.2 eV 1s caused by resolutlon of the measurements. Ths
resolution is determined by the bandwidth c¢f the incldent
photon radiation, by the .mplitude of the electrical signals
used for measuring the energy distribution and by the detalls
of the collector system. The sharpened density of states used
o calculate all of the propertles except the energy distribu-
tions is also shown in Flg. 51. The peaks appear at the same
iocation as before but with different ampi’itudes., To first
order, the area under the two density of statec curves has been
held constant.

Equation {32) and 1its equivalent for the corducticn band
have been used to check the coriistency of the assumption
of nondirect translitions by determining the shape of the
valence band peak at -1.Z2 eV and of the conduction band peak

at 5.2 eV as the photon energy 1s changed. Tne criterion
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for ¢onslstency 1s that the ratios should be constant

photon enerzles. The ratlos are plotted in Fiz. 52a. The
rati>s of the form N N A ©

c, ey’ e,
173 2
energy for the 8.2 eV conduction band peak.

k]

have been plotted versus photon

Fgr photon ener-
gles from 8.5 toc 9.7 eV, the ratioc has a negerly congtant value

of about 0.77. Above 7.9 eV 1t rises tc¢ about 0.85 indicat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>